Circulation Journal Official Journal of the Japanese Circulation Society http://www. j-circ.or.jp rrhythmias are likely to occur in diseased hearts, 1-3 and delayed afterdepolarizations (DADs) play an important role 4 in their occurrence, associated with catecholamine excess, 5 heart failure, 6 and mutations of the ryanodine receptor or calsequestrin. 7 Such diseased hearts not only exhibit an increase in diastolic intracellular Ca 2+ ([Ca 2+ ]i), 8 which causes spontaneous Ca 2+ release from the sarcoplasmic reticulum (SR), 9,10 but also exhibit nonuniform muscle contraction, 11,12 which causes Ca 2+ dissociation from the myofilaments within the border zone between contracting and stretched regions during the relaxation phase. 10,13,14 Both the Ca 2+ released from the SR and that dissociated from the myofilaments can induce Ca 2+ waves, which propagate along the myocardium by the mechanism of Ca 2+ -induced Ca 2+ release from the SR. 15 Since the velocity and amplitude of Ca 2+ waves determine the formation of DADs 16 (ie, arrhythmogenesis principally through the activation of the Na + -Ca 2+ exchange (NCX) current 16,17 ), it is still important to investigate the propagation features of the Ca 2+ waves.
rrhythmias are likely to occur in diseased hearts, [1] [2] [3] and delayed afterdepolarizations (DADs) play an important role 4 in their occurrence, associated with catecholamine excess, 5 heart failure, 6 and mutations of the ryanodine receptor or calsequestrin. 7 Such diseased hearts not only exhibit an increase in diastolic intracellular Ca 2+ ([Ca 2+ ]i), 8 which causes spontaneous Ca 2+ release from the sarcoplasmic reticulum (SR), 9,10 but also exhibit nonuniform muscle contraction, 11,12 which causes Ca 2+ dissociation from the myofilaments within the border zone between contracting and stretched regions during the relaxation phase. 10,13, 14 Both the Ca 2+ released from the SR and that dissociated from the myofilaments can induce Ca 2+ waves, which propagate along the myocardium by the mechanism of Ca 2+ -induced Ca 2+ release from the SR. 15 Since the velocity and amplitude of Ca 2+ waves determine the formation of DADs 16 (ie, arrhythmogenesis principally through the activation of the Na + -Ca 2+ exchange (NCX) current 16,17 ), it is still important to investigate the propagation features of the Ca 2+ waves.
It has been reported that in ventricular hypertrophy, 6 clear changes occur with maladaptive remodeling of the myocardium: (1) reduction of SR Ca 2+ ATPase (SERCA2a), 18 (2) increase in level of NCX, 19 (3) prolonged action potentials, 20 (4) altered transverse tubules, (5) development of dyssynchronous Ca 2+ release, and (6) increased SR Ca 2+ leakage. 21 Of these 6, reports about SR Ca 2+ leakage have been inconsistent as to the amplitude and frequency of Ca 2+ sparks in ventricular hypertrophy. [22] [23] [24] Additionally, it has even been reported that Ca 2+ waves caused by Ca 2+ sparks propagate more slowly in ventricular hypertrophy. 22 Furthermore, it remains unclear how the propagation features of Ca 2+ waves, especially those induced by Ca 2+ dissociated from the myofilaments, are changed and affect arrhythmogenesis in ventricular hypertrophy.
Thus, in the present study, we observed the propagation features of Ca 2+ waves, principally those induced by Ca 2+ dissociated from the myofilaments, in the trabeculae obtained from a rat model of monocrotaline (MCT)-induced pulmonary hypertension and right-sided ventricular hypertrophy.
Methods

Animal Model
All animal procedures were performed according to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) and were approved by the Ethics Review Board of Tohoku University (approval reference no. 21-98). Sprague-Dawley rats weighing 200 g received a single subcutaneous injection of 60 mg/kg MCT (MCT-rats) or an equal volume of solvent (Ctr-rats), as previously described. 25 Four weeks after the injection, 25.4% of the MCT-rats died from right-sided heart failure but none of the Ctr-rats died. The survivors were anesthetized, the right atrial and ventricular pressures were measured, and then the heart was excised for sample preparation and heart weight measurement.
Measurements of Force, [Ca 2+ ]i, and Membrane Potential
Trabeculae were obtained as previously described (see online Supplemental File). 13-16 Briefly, trabeculae (n=36; length: 2.2±0.1 mm, width: 284±79 μm, thickness: 99±5 μm in slack condition) were dissected from the right ventricle (RV) of rats and mounted between a force transducer and a micromanipulator in a bath perfused by HEPES solution on an inverted microscope. Membrane potential was measured using ultracompliant glass microelectrodes and sarcomere length (SL) was measured using laser diffraction techniques, as previously described. 13 [Ca 2+ ]i was measured as previously described. 13, 15 Briefly, fura-2 pentapotassium salt was microinjected electrophoretically into each trabecula. Excitation light of 340, 360, or 380 nm was used and fluorescence was collected using an image-intensified CCD camera at 30 frames/s to assess local [Ca 2+ ]i. We calculated [Ca 2+ ]i in a region of interest along the trabeculae from the calibrated ratio of F360/F380 13-15 and constructed the 3-dimensional image. The velocity of the Ca 2+ wave was calculated from the slope of the fitted line to the plot between the time and the position of the peak point of the Ca 2+ transient during the Ca 2+ wave at each pixel along the trabecula (see online Supplemental Data S1). 
Results
In the MCT-rats, RV systolic pressure was higher and the wet tissue weight of the RV free wall was heavier than those in the Ctr-rats (Table 1, Figures 1A,B) , suggesting that RV hypertrophy in the present study was induced by pulmonary Table 2 and Figures 1C, D. In the MCT-rats, the time to 90% repolarization of the action potential was longer, the amplitude of the developed force was lower, and the Ca 2+ transients declined more slowly after reaching the lower peak values. The diastolic [Ca 2+ ]i was higher in MCT-rats. Figure 2 shows representative changes in the regional [Ca 2+ ]i, force development, and membrane potential during the last electrically stimulated twitch of a train and the changes after the cessation of the train. The electrical stimulation induced a Ca 2+ wave arising from one end of each trabecula both in the Ctr-and MCT-rats. Importantly, the Ca 2+ wave induced in the MCT-rat was faster than that in the Ctrrat, although each wave was induced under the same conditions. The summary data in Figure 3A show that the velocity and amplitude of Ca 2+ waves in the MCT-rats were significantly larger than those in the Ctr-rats, regardless of [Ca 2+ ]o at the measurements being lower in MCT-rats. Besides, in both the Ctr-and MCT-rats, the velocity and amplitude of Ca 2+ waves linearly correlated with the diastolic [Ca 2+ ]i ( Figure 3B) . Note that the relationships of the velocity and amplitude of Ca 2+ waves against the diastolic [Ca 2+ ]i in the MCT-rats were not discriminated from those in Ctr-rats, suggesting that the increases in both the velocity and the amplitude of Ca 2+ waves in MCT-rats, shown in Figure 3A , were merely caused by the increase in diastolic [Ca 2+ ]i.
To investigate the effect of releasable Ca 2+ in the SR on the propagation features of Ca 2+ waves, we plotted the velocity and amplitude of Ca 2+ waves against the amplitude of Ca 2+ transients by electrical stimulation in both the Ctr-and MCT-rats ( Figure 3C) . In both groups of rats, the velocity and amplitude of Ca 2+ waves linearly correlated with the amplitude of Ca 2+ transients by electrical stimulation. Importantly, their relationships in MCT-rats significantly shifted upward compared with those in Ctr-rats, showing that Ca 2+ waves become faster and larger in MCT-rats despite containing the identical amount of releasable Ca 2+ within the SR.
It is well known that Ca 2+ waves propagate along the myocardium by the mechanism of Ca 2+ -induced Ca 2+ release from the SR. 10 This means that when more Ca 2+ is released from the SR during Ca 2+ wave propagation, the propagation veloc- ity becomes faster, because in this case the [Ca 2+ ]i level more rapidly reaches the threshold of Ca 2+ release in the neighboring SR. Actually, the propagation velocity of Ca 2+ waves linearly correlated with the amplitude of Ca 2+ waves in both the MCT-rats and Ctr-rats, as shown in Figure 4A . Interestingly, their relationship in MCT-rats significantly shifted upward compared with that in Ctr-rats, showing that Ca 2+ can induce Ca 2+ release from neighboring SR with a lower threshold in MCT-rats. Furthermore, the amplitude of DADs correlated with the velocity and amplitude of Ca 2+ waves (Figure 4B) , suggesting that acceleration of Ca 2+ waves can enhance arrhythmogenesis in both Ctr-and MCT-rats.
Discussion
In the present study, the propagation features of Ca 2+ waves in ventricular hypertrophy were characterized by directly measuring the spatial and temporal changes in [Ca 2+ ]i using multicellular ventricular muscle obtained from a rat model of MCT-induced pulmonary hypertension and RV hypertrophy. To the best of our knowledge, the present study shows for the first time that an increase in diastolic [Ca 2+ ]i and an increase in the Ca 2+ sensitivity of the SR Ca 2+ release channel accelerate Ca 2+ waves in ventricular hypertrophy, thereby causing arrhythmogenesis, as discussed next.
MCT-Induced RV Hypertrophy
As in our previous studies, 25 we used MCT-rats as an experimental model of pulmonary hypertension-induced RV hypertrophy. MCT is a pyrrolizidine alkaloid, and its bioactive metabolite selectively injures the vascular endothelium of lung vessels. Progressive pulmonary vasculitis leads to increasing vascular resistance and a gradual rise in arterial pressure starting ∼14 days after a single dose of MCT. 26 The increase in RV afterload induces hypertrophy, which progresses to dilation and failure. 26 Also in the present study, the MCT-rats showed higher systolic RV pressure, RV hypertrophy, and an increase in diastolic [Ca 2+ ]i (Tables 1,2, Figure 1) . In addition, our previous report showed that MCT-rats exhibit a lower expression of SERCA2 protein and a relatively higher expression of NCX protein. 25 These properties of MCT-rats are consistent with past reports for the same experimental model 27,28 and for other animal models of ventricular hypertrophy. 29 Thus, we are convinced that MCT-rats can serve as a model of ventricular hypertrophy to examine the propagation features of Ca 2+ waves.
Acceleration of Ca 2+ Waves
Since both the ends of the trabeculae are fixed in this experimental setup, 13-15 the end regions are stretched during muscle contraction and are shortened during muscle relaxation. By the shortening of the muscle during relaxation, Ca 2+ is dissociated from the myofilaments within the end regions 14 due to the altered affinity of the myofilaments for Ca 2+ . 30 We consider that this Ca 2+ dissociated from the myofilaments within the end regions induces the Ca 2+ waves arising from the end regions of trabeculae, as observed in the present study. 14 The observation that these waves disappear at low afterload by reducing muscle length 31 supports this idea. For this reason, it is not appropriate to compare the Ca 2+ waves in the present study with those observed under conditions of slack length in isolated myocytes. 22 The increase in diastolic [Ca 2+ ]i in the MCT-rats ( (Figures 2,3A,  B) .
The upward shift in the relationships in the MCT-rats shown in Figure 3C means that, in the MCT-rats, the [Ca 2+ ]i level more rapidly reaches the threshold of Ca 2+ release from neighboring SR and releases more Ca 2+ despite containing the identical amount of releasable Ca 2+ within the SR during Ca 2+ wave propagation, suggesting that Ca 2+ sensitivity of the SR Ca 2+ release channel is increased in MCT-rats. 34 Besides, the upward shift in the relationship between the velocity of Ca 2+ waves and the amplitude of those in the MCT-rats, shown in Figure 4A , means that in the MCT-rat, the [Ca 2+ ]i level more rapidly reaches the threshold of Ca 2+ release from neighboring SR when the identical amount of Ca 2+ is released from the SR during Ca 2+ wave propagation, again suggesting that the Ca 2+ sensitivity of the SR Ca 2+ release channel is increased in MCT-rats. This upward shift in their relationship has also been observed after the addition of 0.1 or 0.3 mmol/L caffeine. 15 Since low concentrations of caffeine have been reported to accelerate Ca 2+ waves 15 by increasing Ca 2+ sensitivity of the SR Ca 2+ release channel 35 or by directly increasing the probability of its opening, 36 it is probable that in ventricular hypertrophy, Ca 2+ waves are accelerated by the same mechanism as for caffeine. Actually, it has been reported that in failing hearts, the SR Ca 2+ release channel is phosphorylated 37 and exhibits a higher Ca 2+ sensitivity, 38 suggesting that in ventricular hypertrophy, this higher Ca 2+ sensitivity of the SR Ca 2+ release channel may also be involved in the acceleration of Ca 2+ waves.
The amplitude of DADs linearly correlated with the velocity and amplitude of Ca 2+ waves, probably through the NCX current (Figure 4) , 16, 17 suggesting that, in the present study, acceleration of Ca 2+ waves enhanced arrhythmogenesis in both the Ctr-and MCT-rats. The steeper slope of the relationship in the MCT-rats may be due to the increased expression of the NCX. 19, 25 In conclusion, the results of the present study suggest that an increase in diastolic [Ca 2+ ]i and an increase in the Ca 2+ sensitivity of the SR Ca 2+ release channel accelerate Ca 2+ waves in ventricular hypertrophy, thereby causing arrhythmogenesis.
Study Limitations
We did not measure [Ca 2+ ]i changes at the subcellular level because muscle contractions are essential for the induction of Ca 2+ waves arising from the end regions of the trabeculae 31 and the movement of trabeculae during muscle contractions makes measurement using confocal microscopy difficult. For this reason, we did not observe whether Ca 2+ ions really dissociate from the myofilaments 30 and initiate Ca 2+ waves within the end regions of the trabeculae. 14 Confocal microscopy has been used to detect intracellular Ca 2+ mainly under resting conditions in isolated myocytes 39 or trabeculae and after the cardiac arrest in whole hearts. 40 
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